Impaired genomic stability and increased oxidative stress exacerbate different features of Ataxia-telangiectasia INTRODUCTION Ataxia -telangiectasia (A-T) is an autosomal recessive disorder characterized by progressive cerebellar ataxia, oculo-facial telangiectases (dilated blood vessels), immunodeficiency, premature aging, gonadal dysgenesis, extreme sensitivity to ionizing radiation (IR), genomic instability and high incidence of lymphoreticular malignancies (1) . A-T is a prime example of a genomic instability syndrome caused by defective DNA damage response. It is caused by loss or inactivation of the ATM protein, a large nuclear serine/threonine kinase with a C-terminal domain containing PI3 kinase motifs. ATM belongs to a conserved family of large proteins that share the PI3 kinase-like domain and are involved in various stress responses, most notably the DNA damage response (2) . ATM mediates the network of signaling pathways that are activated by DNA double-strand breaks (DSBs) (3 -5) . The ATMmediated response includes the cell cycle checkpoints and numerous other pathways related to various aspects of cellular metabolism.
Atm2/2 mice recapitulate many features of the human A-T phenotype, including growth retardation, infertility, striking predisposition to thymic lymphomas and acute sensitivity to IR; mild neurological deficits are noted only in certain strains of Atm2/2 animals (6 -9). These mice therefore provide a model for exploring most of the features of the A-T phenotype.
We set out to augment oxidative stress and genomic instability in Atm2/2 mice in order to link these two features of the cellular phenotype to specific features of the clinical phenotype of A-T. We did this by generating mouse strains that combine Atm deficiency with dysfunction of other proteins: a strain deficient in both Atm and Sod1 and a double knockout strain lacking both Atm and the Mlh1 protein.
Mice with targeted inactivation of the Sod1 gene, which encodes copper/zinc superoxide dismutase (Sod1), one of the major intracellular enzymes that inactivate superoxide anions (10) , live at least 18 months (11, 12) and display normal motor behavior in the first 3 or 4 months and subtle motor impairment by 6 months. Targeted inactivation of the Mlh1 gene in mice leads to infertility and tumor susceptibility (13 -15) . Mlh12/2 mice exhibit reduced survival similar to Msh22/2 animals. Fifty percent of Mlh12/2 animals die before 6 months of age and all animals die by 13 months from T-cell lymphomas and gastrointestinal tumors.
We report here that increasing oxidative stress in Atm2/2 mice moderately reduced their life span, markedly reduced their body weight and rendered them more sensitive to IR. Inactivation of the MMR system in Atm2/2 mice moderately increased their sensitivity to IR but markedly reduced their life span due to a striking predisposition to develop aggressive thymic lymphomas at an early age. Collectively, our data suggest that oxidative stress contributes to specific clinical features of A-T such as reduced body weight and radiosensitivity and may play a minor role in cancer predisposition, whereas enhanced genomic instability is a major contributing factor to cancer predisposition in this disease.
RESULTS

Non-Mendelian ratios between various genotypes
The recoveries of the various genotypes from the two mating schemes significantly deviated from Mendelian distribution (P , 0.0002 for the Sod1/Atm, P , 0.007 for the Mlh1/Atm mice) (Table 1 ). There was a marked reduction in the number of the Mlh1/Atm double null mice, somewhat lower than the expected number for Atm/Sod double null mice, and higher than expected for Atm-proficient mice (Table 1) .
Markedly reduced life span in Mlh1/Atm double null mice due to increased tumorigenesis Deletion of the Sod1 gene in Atm2/2 mice reduced the survival rate compared with Atm2/2 genotype, especially at older age (.1 year), although the reduction was not statistically significant (P ¼ 0.1): 50% of Sod12/2//Atm2/2 animals died at 50 weeks, whereas 50% of the Atm2/2 mice died at 55 weeks (Fig. 1Aa) . The life span of Sod12/2//Atmþ/2 was significantly shorter than that of Sod1 null mice (P , 0.02) (Fig. 1Ab) . Although Atmþ/2 animals have normal life span, Atm heterozygosity can have serious effects on the animal under certain circumstances such as oxidative stress. Atm, Sod1 single or Sod/Atm double heterozygosity did not significantly affect mouse survival rate (Fig. 1Ac) .
Mice lacking both Mlh1 and Atm displayed a significantly reduced life span (P , 0.00001 between Mlh1/Atm double null versus Atm2/2 and Mlh12/2 genotypes): 50% died at 11 weeks, 80% at 13 weeks and none survived beyond 27 weeks, all succumbing to aggressive thymic lymphomas (Fig. 1Ad) . The life span of Mlh1þ/2//Atm2/2 was significantly shorter than that of Atm null mice (P , 0.04), whereas Atm heterozygosity on Mlh12/2 background had no effect on mouse survival. Atm, Mlh1 single or Mlh1/Atm double heterozygosity did not significantly affect mouse survival rate (Fig. 1Af) . Tumor development was the leading cause of mortality in the Mlh1/Atm genotypes and in the Sod1/ Atm double null mice. Thus, the cumulative survival curves actually reflect the rate of tumor formation in the various genotypes. Post-mortem examination of the Atm2/2, Mlh12/2, Mlh12/2//Atm2/2 and Sod12/2//Atm2/2 mice revealed Sod1/Atm mice were generated by crossing Sod12/2//Atmþ/2 males with Sod1þ/2//Atmþ/2 females. Mlh1/Atm mice were generated by crossing Mlh1þ/2//Atmþ/2 males and females. Recovery is the number of mice at 21 days of age (at weaning) relative to the number expected from the Mendelian ratios. Most of the mice survived until weaning and beyond.
aggressive thymic lymphoma with widespread visceral metastasis (in 90% of the animals examined) ( Table 2) . Histologically, neoplastic lymphocytes were large and of uniform appearance, consistent with large cell lymphoma. Immunohistochemical staining showed the bulk of the neoplastic cells to be CD3-positive and CD45R-negative, indicating a T-cell origin (Fig. 2 ).
Given that cancer was the major cause of death in all mutant genotypes, the cumulative survival analysis indicates that increasing genomic instability on the background of Atm deficiency had a much more marked effect than increasing oxidative stress on cancer predisposition. In contrast to human patients, Mlh1 heterozygosity in mice did not significantly increase cancer predisposition, nor did Atm heterozygosity. Atm2/2 mice display a reduction in mature CD4þ/CD82 or CD8þ/CD42 T-lymphocytes and an increase in immature CD4þ/CD8þ cells relative to normal control mice (6) . Atm2/2, Sod12/2//Atm2/2 and Mlh12/2//Atm2/2 mice displayed a significant decrease in mature CD4þ/CD82 (P , 0.02), whereas the level of mature CD8þ/CD42 in the thymus fluctuated in the various genotypes. (Supplementary Material, Table S1 ). A further and significant reduction in mature CD4þ/CD82 cells was detected in T-cell lymphomas isolated from the various tumors (P , 0.0001). In parallel, increased ratios of double positive CD4þ/CD8þ in Atm2/2 and in double null tumors were observed, reflecting a transition of the tumor cells into an earlier stage of differentiation (Supplementary Material, Table S1 ).
Growth retardation enhanced by increased oxidative stress but not genomic instability in Atm2/2 mice Atm2/2 mice are 10 -20% smaller than their wild-type (WT) littermates (6) . The inactivation of the Sod1 gene also affected the growth rate of the animals. The Sod12/2 mice were 9% smaller than their WT littermates at 4 weeks (P , 0.001), 12% smaller at 6 months (P , 0.001) and 22% smaller by 1 year (P , 0.001), suggesting that increased oxidative stress resulted in growth retardation. The combination of Sod1 and Atm deficiencies further reduced growth compared with all other genotypes. The gap in growth rate between Sod1/Atm double null mice and Atm2/2 genotype widened with age, from 5% at 4 weeks (P , 0.05) to 11% at 6 months (P , 0.001) to 18% at 1 year (P , 0.001) (Fig. 1Ba) . Deletion of the Mlh1 gene did not affect the growth of the animals when compared with their WT littermates. Deletion of the Atm gene resulted in significant growth retardation: 10% (P , 0.05) at 4 weeks and 12% (P , 0.001) at 6 months. Mlh1/Atm double null mice were 10% smaller than the Atm2/2 genotype at 4 weeks, an insignificant difference (P . 0.05). Growth retardation in the various Atm2/2 genotypes was not caused by reduced caloric consumption (Supplementary Material, Fig. S2 ).
Taken together, our data suggest that oxidative stress may be an important contributing factor to the decrease in body weight observed in A-T patients.
Effect of oxidative stress and genomic instability on the radiosensitivity of Atm2/2 mice As hypersensitivity to IR is one of the hallmarks of A-T (1), Atm2/2 mice and Atm2/2 cells (6), and as IR exerts some of its toxic effects through the generation of oxygen radicals, we examined the effect of Sod1 deficiency on the radiosensitivity of Atm2/2 mice. Their survival was monitored after exposure to 4 Gy. Interestingly, the presumed increased levels of surperoxide anions (O 2 2 † ) in Sod 1-deficient mice did not render them more vulnerable to IR when compared with control mice, suggesting that increased levels of this radical were not sufficient to enhance the cytotoxic effects of IR. Atm2/2 mice, in contrast, were severely affected. The mean survival time of Sod1-Atm double null mice postirradiation was significantly shortened compared with that of Atm2/2 mice (P , 0.007) ( Fig. 3A and B) .
Inactivation of the Mlh1 gene in Atm2/2 mice reduced the mean survival time from 4.9 to 3.4 days (P , 0.02), suggesting that the impaired mismatch DNA repair pathway hypersensitized Atm2/2 mice to IR as well (Fig. 3C ). Mlh1þ/2//Atm2/2 mice displayed radiosensitivity similar to that of the Atm null mice. The radiosensitivity of the Mlh12/2 genotype was significantly lower than that of the Atm2/2 animals; the I 50 of these mice was 16 weeks (Fig. 3D) . Interestingly, Atm heterozygosity seemed to hypersensitize the Mlh12/2 mice even though it did not reach statistical significance (Fig. 3D ).
Lack of increase in radiosensitivity of cultured fibroblasts of the Mlh12/2//Atm2/2 genotype Eliminating the Mlh1 protein on an Atm-null background moderately increased the sensitivity of the animals to the lethal effect of IR. The degree of radiosensitivity conferred by a specific genotype can be assayed in vitro by measuring the clonogenic survival of cultured cells following IR treatment. Although fibroblast lines could not be derived from either Sod1 or Sod1/Atm double null mice, probably due to elevated oxidative stress, such cell lines could be derived from Mlh1/Atm double null animals. As expected, the Atm2/2 cells were considerably more radiosensitive than WT and Mlh12/2 cells (Fig. 4) . Significantly, the Atm2/2//Mlh12/2 genotype did not alter the radiosensitivity of skin fibroblasts compared with Atm-knockout cells (Fig. 4) .
Chromosomal alterations and DNA amplification in thymic lymphoma isolated from the various genotypes
The karyotypic abnormalities of Atm2/2 and Mlh1/Atm double null tumorigenic cell lines were determined early in culture (passages 1-2) by spectral karyotyping (SKY), a method that allows simultaneous, unambiguous identification of each chromosome using individual chromosome-painting probes (16) . The analysis of metaphase spreads from primary cultures of the thymic lymphomas isolated from two Atm2/2 mice and three Mlh1/Atm double null mice revealed multiple, recurrent rearrangements: In tumor I (Atm2/2), all the metaphases analyzed displayed t(13:14) and t(14:15) translocations (Fig. 5) . Interestingly, these chromosomal translocations were Comparative genomic hybridization (aCGH) was used to assess chromosomal and sub-chromosomal copy number alterations (CNA) in the thymic lymphomas in search of critical changes that occur during tumor development. We used oligonucleotide arrays that consisted of 18 644 oligomers (70mers, synthesized by Sigma) corresponding to 18 041 genes deposited on glass, giving an average resolution of the genome of 150 kb.
Two common and recurrent copy number changes were observed ( Fig. 6): (1) all the lymphomas from Mlh12/2//Atm2/2, Mlh12/2//Atmþ/þ and Mlh1þ/þ// Atm2/2 mice displayed a region of gain and loss on chromosome 12 band 12F. Adjacent regions of gain and loss are the hallmark of chromosomal rearrangements resulting from DSB repair. In the mouse, band 12F of chromosome 12 harbors the immunoglobulin (Ig) genes and is involved in a region of chromosomal aberrations in lymphoid tumors (17) . (2) The acquisition of one or more extra copies of chromosome 15 was observed in all the Mlh1þ/þ//Atm2/2 lymphomas. The gene encoding the c-Myc protein is located on mouse chromosome 15 at region D2-D3, and elevated levels of c-Myc due to amplification are a feature of many tumors (18) . Indeed, western blot analysis revealed variable elevation of c-Myc due to over-expression of its gene levels in tumors with the various genotypes (Fig. 7) . These tumors also showed amplification of a minimal common region of 14C1 (Fig. 6) .
In addition to chromosome 15 amplification, Mlh1þ/þ// Atm2/2 tumors exhibited a high frequency of aberrations in several other chromosomes (Fig. 6) , including the amplifications on 4C5 -C7, 5G2 -G3, 12C3 -D1, 12F1, 14B and 14B -C1, and frequent deletions on 12F1 and 12F2. Sod12/2//Atm2/2 thymic lymphomas exhibited amplifications in chromosomes 12, 15, 16 and 18 and partial deletions in chromosomes 12, 13, 14 and 19 (Fig. 6) . CGH analyses did not reveal genomic instability in tumor-free thymus tissues of 1-month-old animals of any genotype (data not shown). We did not observe multiple aberrations in tumors from Mlh12/2//Atm2/2 (Fig. 6) .
Polyclonality of Mlh1/Atm double null thymic lymphomas
The Mlh12/2//Atm2/2 genotype was the only one in which nearly 100% of the mice succumbed to aggressive thymic lymphoma before 3 months of age (Figs 1 and 2 , Table 2 ). Other genotypes developed tumors at significantly lower rates. We assumed that the increased cancer predisposition in Mlh1/Atm double null mice stemmed mainly from increased genomic instability that was not reflected in chromosomal aberrations. Such increased instability may lead to synchronous transformation of T-cells, leading to tumorigenesis. Using T-cell receptor (TCR) spectratyping (GeneScan), we indeed found that Mlh1/Atm double null thymic lymphomas were generated from polyclonal thymic populations, suggesting that multiple thymocytes in these mice become malignant at the same time interval. In contrast, lymphomas in genotypes that developed thymic lymphoma at much lower frequencies (Atm2/2, Mlh12/2 and Sod12/2//Atm2/2) were mainly mono-or oligoclonal populations of malignant cells (Fig. 8) .
Microsatellite instability in thymic lymphomas isolated from various genotypes
Microsatellite instability (MSI) analyses of the genotypes Mlh12/2, Atm2/2, Mlh1/Atm and Sod1/Atm double null mice were conducted using three different sets of primers; the results of the most informative, D10MIT2, are presented. Thymic lymphomas isolated from the Atm2/2 or Sod12/2// Atm2/2 showed no MSI, suggesting that these tumors did not acquire inherent MSI. In contrast, Mlh12/2 tumors displayed MSI, demonstrating that the MMR-deficient tumors had higher levels of genomic instability (Fig. 9) .
DISCUSSION
The genetic combinations generated in mice in this study exacerbated different components of A-T. Increasing oxidative stress in Atm2/2 mice moderately reduced their life span, significantly reduced their body weight, and rendered them markedly more sensitive to IR. In contrast, inactivation of . Double null animals were more sensitive to this radiation dose than the Atm2/2 genotype. None of the controls died at this dose. Note that 25% of the Atm2/2 animals survived this dose up to 50 weeks (B). Mlh12/2//Atmþ/2 mice were more sensitive to this dose than the Mlh12/2//Atmþ/þ genotype (D). Using Mann-Whitney test (two-tailed) assuming non-parametric data, the differences between the double null mice and the Atm2/2 genotype were significant as noted in the text.
the MMR system reduced the life span of Atm2/2 mice and moderately increased the sensitivity to IR compared with Sod12/2//Atm2/2 mice. The leading cause of death in this study was cancer, mainly thymic lymphoma. Indeed, the most pronounced effect of simultaneous inactivation of Mlh1 and Atm in mice was the striking predisposition to develop very aggressive thymic lymphomas at an early age, due to the high probability of the individual thymocyte with this genotype to become malignant. Our results therefore suggest that increased genomic instability plays a more prominent role than oxidative stress in cancer predisposition in Atm2/2 mice, and probably in human A-T patients.
Reduced body weight is one of the hallmarks of A-T and is recapitulated in Atm2/2 mice. We found that increased oxidative stress, and to a lesser extent genomic instability, contributed to growth retardation of Atm2/2 mice, suggesting that oxidative stress may be an important contributing factor to the decreased body weight of A-T patients. This notion is supported by findings that mice over-expressing Sod1 gene on the background of Atm deficiency are also significantly smaller than Atm2/2 mice (19). Indeed, elevated levels of Sod1, same as Sod1 deficiency, increase oxidative stress and augment growth retardation (20 -22) . Oxidative stress generated by Atm deficiency may impose constant stress conditions on the animals, increasing their energy usage for maintaining basic life functions.
It is widely accepted that radicals formed by IR are the main cause of IR-induced lethality. Thus, it is not surprising that Sod1/Atm mice show reduced mean survival time following treatment. In fact, the finding that normal radiosensitivity of Sod12/2 mice is similar to that of WT animals is surprising and argues against a simplistic view of the role of free radicals in IR-induced lethality (Fig. 3) . Thus, the contribution of oxidative stress to IR cytotoxicity in A-T is linked to the DNA damage response.
Mlh1 ablation contributed moderately to IR lethality in Atm-deficient mice compared with the more pronounced contribution of Sod1 deficiency. Surprisingly, this contribution was not evident at all in fibroblast lines from the same genotypes. IR-induced animal death results primarily from acute damage to the digestive tract epithelium and the bone marrow. The differential sensitivity of tissues to genotoxic stress is well documented. In A-T patients, cerebellar and thymic tissues are the first to decay in the face of accumulating DNA damage, and this differential sensitivity determines the clinical hallmarks of the disease. It appears that the incremental abrogation of the DNA damage response conferred by MMR deficiency makes a difference primarily in the tissues that are most radiosensitive to high irradiation doses.
Cells with defective MMR have the so-called mutator phenotype and accumulate genomic alterations at an increased rate. In humans, Mlh1 deficiency leads to predisposition to colon and endometrial carcinomas and lymphoma (23) . Taken together, these observations argue for an important role for genomic instability in causing cancer predisposition. The MMR system, whose primary role is to eliminate base mismatches in the DNA, has been recently implicated in signaling pathways induced by other types of DNA damage, but the mechanistic aspects of this involvement are not clear (reviewed in 24). Cooperation between MMR proteins and ATM or ATR in the activation of cell cycle checkpoints following various genotoxic stresses has been suggested (25 -31) . In our study, the additive effect of Atm and Mlh1 ablations on radiosensitivity of the animals indicates independent roles of Atm and Mlh1 in IR response rather than subsequent action in the same pathway. A simple interpretation of this result is that the increase in genomic instability conferred by MMR deficiency contributes to the formation and persistence of radiation-induced genomic aberrations leading to tumorigenesis.
These findings lend support to the notion that cancer predisposition in A-T is due to the inherent genomic instability in this disease. It should be noted, however, that the lack of cancer predisposition in certain mouse models of genomic instability syndromes indicates that chromosomal instability (CIN) per se is insufficient to predispose to the initiation of malignancy. Examples are Mre11 ATLD1/ATLD1 mice, which have a combination of checkpoint deficiency and CIN and are not prone to malignancy (32) ; the Nbs1 DB/DB mouse, a murine model of Nijmegen breakage syndrome, which have a similar constellation of checkpoint defects but much less pronounced CIN (33, 34) and H2AX2/2 mice, which exhibit CIN, repair defects, and impaired recruitment of DNA repair complexes but have normal health and life span and no increased cancer predisposition (35) .
Despite the detection of higher levels of chromosomal aberrations in tumors of Atm2/2 mice compared with Mlh1/Atm double null mice (Figs 5 and 6 ), cancer predisposition is significantly higher in the latter. Thus, our results are consistent with the notion that increased CIN is not the most crucial factor predisposing the animals to malignancy. As expected, Mlh1 deletion resulted in increased MSI (Fig. 9) . CGH analysis revealed that all thymic lymphomas from various Atm and Mlh1 genotypes displayed quantitative alterations in chromosome 12, a region syntenic to human 14q23, suggesting similar etiologies in human and mouse lymphomas. As these alterations on chromosome 12 were detected in every thymic lymphoma tested, we believe this is a critical genomic alteration in the development of these tumors. Indeed, the 12F1 region, which was altered in Mlh12/2 or Mlh12/2//Atm2/2 lymphomas (Fig. 6 ), contains several immune system genes and is typically involved in chromosomal aberrations in lymphoid malignancies. Another chromosomal alteration, one characterizing Mlh1þ/þ//Atm2/2 thymic lymphomas, was gain on chromosome 15, which harbors the murine gene encoding the c-Myc oncoprotein at region 15D2 -D3. Indeed, we found high levels of this protein, especially in Atm2/2 tumors and to a lesser extent in Mlh12/2 and Mlh12/2///Atm2/2 tumors (Fig. 7) . Because we did not show that c-Myc-dependent genes are transactivated, the elevated levels of the c-Myc protein should be considered a correlative phenomenon. Interestingly, alterations in chromosomes 12 and 15 were also detected in H2AX2/2//p532/2 thymic lymphomas (17, 36) , underscoring their importance in malignant transformation of thymocytes. Furthermore, life span and rate of tumorigenesis are markedly similar in Mlh12/2//Atm2/2 and H2AX2/2// p532/2 mice.
The likelihood of developing any given tumor is determined, in part, by the number of pre-malignant foci that eventually become malignant. Polyclonal populations of thymocytes bearing different products of TCR gene rearrangements are detected in normal thymus, demonstrating a broad thymocytic repertoire (Fig. 8) . This is evidenced by the Gaussian-like distribution of the TCR-Vb clones. A nearly identical pattern of TCR-Vb clonality was detected in thymic lymphomas isolated from Mlh1/Atm double null mice, suggesting that multiple thymocytes in these animals undergo malignant transformation, increasing the probability of tumorigenesis in the double null mice. It also shows that in this genotype, the tumors do not develop from a single clone but from a variety of clones. Collectively, these results suggest that the type of TCR is not an important factor in the tumorigenic process. A completely different pattern was observed in the tumors of all other genotypes in which a monoclonal or oligoclonal pattern was noted. In this respect, the Atm2/2, Mlh12/2 and Sod12/2// Atm2/2 behave like human ATM2/2 lymphomas, which are usually monoclonal in nature. It is thus conceivable that the accumulation of specific genomic alterations in Mlh1/Atm double null mice increases the probability of each thymocytic clone to become malignant.
By augmenting oxidative stress or genomic instability in Atm2/2 mice, we were able to exacerbate specific aspects of this complex disease and link certain features of A-T to oxidative stress or genomic instability. Our data suggest that oxidative stress has a role in radiation sensitivity and growth retardation of A-T patients, whereas genomic instability is an important factor in cancer predisposition and that specific alterations in chromosomes 12 and 15 are most probably responsible for the development of thymic lymphoma in Atm2/2 mice (Fig. 10 ). These experiments demonstrate the value of animal models in the physiological dissection of human disease phenotypes.
EXPERIMENTAL PROCEDURES
Generation of various mouse genotypes
All mice in this study have SV129 background. Mice lacking Sod1 were obtained from Jackson Laboratories (Bar Harbor, ME, USA). Sod12/2//Atm2/2 double mutant mice were generated by crossing Sod12/2//Atmþ/2 males with Sod1þ/2// Atmþ/2 females. Three control genotypes were maintained: Sod1þ/þ//Atmþ/þ, Sod1þ/þ//Atm2/2 and Sod12/2// Atmþ/þ. Additional genotypes were Sod12/2//Atmþ/2 and Sod1þ/2//Atm2/2.
Mlh1 null mice are infertile. Mlh12/2//Atm2/2 mice were generated by crossing male and female Mlh1þ/2// Atmþ/2 genotypes. Control genotypes were Mlh12/2// Atmþ/þ, Mlh1þ/þ//Atm2/2 and Mlh1þ/þ//Atmþ/þ. Additional genotypes were Mlh1þ/þ//Atmþ/2, Mlh1þ/2// Atm2/2, Mlh1þ/2//Atmþ/2 and Mlh12/2//Atmþ/2.
Offspring were genotyped at age 3 weeks by polymerase chain reaction (PCR)-based assays using mouse-tail DNA, prepared with the GeneReleaserTM reagent (Bio-Ventures Co., Murfreesboro, TN, USA).
Growth measurements and pathology
Mice were weighed weekly from weaning (3 weeks) to adulthood (100 weeks). Mice were perfused with 4% fixative (4% formaldehyde in PBS) or Bouin's solution and post-fixed at 48C. Fixed tissues were removed, examined grossly, processed routinely, embedded in paraffin, sectioned at 6 mm and stained with hematoxylin and eosin.
Pathological analyses
Immunohistochemistry was performed on deparaffinized sections of Bouin's-fixed tissues using an immunoperoxidase complex procedure with diaminobenzidine as the chromogen. The primary antibodies against CD3 (rat anti-human CD13-12, Serotec, Oxford, UK; diluted 1:50) and CD45R (biotin-conjugated rat anti-mouse CD45R/B220, PharMingen, San Diego, CA, USA; diluted 1:100) were used. Histofine Universal Immunoperoxidase Polymer (Nichirei Corp., Tokyo, Japan) was used as secondary antibody for CD3 staining. Vector MOM Kit (Vector Laboratories, Burlingame, CA, USA) was used for the CD45R staining. Slides were microwave treated for antigen exposure prior to staining. 
IR treatment
One-to-three-month-old mice were irradiated with 4 Gy of X-ray using a linear accelerator (CLINAC1800; field size: 30 Â 30 cm 2 ), housed together and examined daily for clinical symptoms.
Primary cell culture of mouse skin fibroblasts
Ear skin fibroblast cultures from 1-3-month-old mice were prepared according to Stambrook et al. (37) . Cell concentration was determined with a hemocytometer, and 5 Â 10 6 cells were plated in 75 cm 2 flasks containing Dulbecco's modified Eagle's medium (DMEM), 15% fetal calf serum (FCS), non-essential amino acids, gentamycin (50 mg/ml) and amphotericin B (2.5 mg/ml). Fibroblasts from Sod12/2 mice failed to proliferate in culture even in an atmosphere of 3% oxygen, suggesting that maintenance of the redox state is critical for cell division and survival.
Primary cell culture of thymic lymphoma cells
Thymic lymphomas were dissected, chopped into small pieces and incubated with 0.5 mg/ml collagenase type I (Sigma, St Louis, MO, USA) for 30 min at 378C. Fragments were dissociated into a cell suspension by gentle pipetting through a 5 ml narrow-tipped pipette, and a single-cell suspension was obtained by passing through 20 mm mesh filters. Cell concentration was determined with a hemocytometer, and 5 Â 10 6 cells were grown in suspension in 75 cm 2 flasks containing DMEM, 15% FCS, non-essential amino acids, 2 mM glutamine, penicillin/streptomycin (mg/ml) and amphotericin B (2.5 mg/ml).
Western blot analysis
Western blot analysis was performed as described by Harlow and Lane (38) , using 12.5% polyacrylamide gel electrophoresis. Each lane was loaded with an equal amount of protein Figure 8 . Spectratyping analysis for TCR beta rearrangements. High resolution analysis and partial determination of Vb1 and Vb5.1 segment using PCR products done by rendering them fluorescent prior to analysis on an automated DNA fragment analyzer. All the Vb segments exhibited a similar pattern (data not shown): the distribution of PCR products was Gaussian for the normal thymus and Mlh12/2//Atm2/2 thymic lymphoma, indicating polyclonality, and skewed for the Mlh1þ/þ//Atm2/2, Mlh12/2//Atmþ/þ and Sod12/2//Atm2/2 thymic lymphomas, indicating mono-or oligoclonality. y-axis: fluorescent signal intensity. x-axis: PCR product size in base pairs, Vb1 fragment size150 bp, Vb5.1 fragment size 230 bp. extract (35 mg) which, after electrophoresis, was transferred to a nitrocellulose membrane for 1.5 h. Blots were stained with Ponceau to verify equal loading and transfer of proteins. Membranes were then probed with monoclonal anti-cMyc (C-33):sc-42 antibody (Santa Cruz) (1:500). For the detection of c-Myc, horseradish peroxidase (goat anti mouse, 1:5000, Jackson) was used to enhance sensitivity. Intensity of the signal was determined by ECL Plus detection system (Amersham Pharmacia Biotech, UK).
Metaphase preparations
Metaphases from exponentially growing cells were prepared by a standard procedure (39) . Chromosome aberrations were scored as described in (40) .
PCR amplification and GeneScan clonality analysis
For clonality identification, each sample was screened for TCRb gene rearrangements as described (41,42) using 23 Vb primers. Because polyclonal lymphoid populations generate products with a Gaussian distribution due to the variable length and nucleotide sequence of the heterogeneous V(D)J junctional sequences, a clonal population that has identical V(D)J sequences will generate discrete bands depending on the number of rearranged alleles (41, 42) . All tissues from which RNA was isolated were indeed tumor tissues. Here, 23 Vb primers were used to amplify TCRb recombinations. GeneScan analysis was performed using fluorescent primers labeled at their 5 0 end with 6-carboxyfluorescein (FAM). All reactions were carried out in a final volume of 50 ml with 100 ng of cDNA sample, 200 nM of dNTPs, 12 pmol of each primer, and 2 U of Taq polymerase. Each PCR experiment included an appropriate positive clonal control, a polyclonal control and a non-template negative control.
Aliquots of 1:25 diluted PCR products (1.5 ml) were mixed with 13.5 ml formamide, and 1 ml of the internal size standard (Genescan-500 and Genescan-1000, Applied Biosystems, Foster City, CA, USA) was included for precise determination of the length of the amplicons. After denaturation for 10 min at 948C, the products were separated on POP-4 polymer (Applied Biosystems) and analyzed by 310 GeneScan 3.1 software (Applied Biosystems). Scanning results of fluorescence-dyelabeled PCR products by GSA were interpreted as follows: one or two striking peaks indicated a dominant clone; a number of peaks arranged in a normal (Gaussian) distribution indicated polyclonality.
SKY analysis
SKY was performed as previously described (43) . Briefly, chromosome-specific libraries generated by PCR from flow-sorted mouse chromosomes were directly labeled with nucleotides conjugated to five different dyes (FITC, Rhodamine, Texas Red, Cy5 and Cy5.5). All 21 chromosome libraries were hybridized simultaneously to the mouse metaphases. After washing, the slides were stained with 4 0 6-diamidino-2 phenylindole (DAPI) in antifade medium. Discrimination between the different spectra was done with the SD300 spectral bioimaging system (Applied Spectral Imaging Ltd, Migdal Haemek, Israel) that uses a Sagnac interferometer to measure the full visible light spectrum at each pixel of the image. A classification algorithm was used to differentiate between different spectra in the image and to assign pseudocolors to all the pixels with similar spectral characteristics. The DAPI image was captured separately and inverted to give a G-banding pattern. The chromosomes were then sorted automatically into a karyotype table.
Analysis of MSI
Tumor tissues were manually microdissected from developed thymic lymphomas to ensure that most of the tissue contained neoplastic cells. Normal tissue controls were specimens from cerebellum or kidneys isolated from the same animals or from the WT animals. Tumors and normal DNAs were extracted and analyzed for MSI using a panel of three microsatellite markers, D1MIT36, D7MIT91 and D10MIT2, and performed as described (44) . Oligonucleotide forward markers were fluorescently 5 0 labeled. Multiple PCRs were carried out in a 25 ml mixture containing 500 -1000 ng DNA, 1 Â PCR buffer, 0.4 mM of each PCR primer (Applied Biosystems, Warrington, UK), 2 mM MgCl 2 , 3.2 mM of deoxynucleotide triphosphpate and 1 U of BIOTAK DNA polymerase (Bioline Ltd, London, UK). PCR amplification was conducted in an Eppendorf master cycler gradient (Eppendorf, Hamburg, Germany). Samples were denatured for 10 min at 948C and subjected to 35 cycles of 30 s each at 948C, 30 s at 588C, 30 s at 728C and a final extension step of 5 min at 728C. Then 1 ml of fluorescently labeled PCR product of paired normal and tumor tissues was mixed with 12 ml of deionized formamide and 1 ml GeneScan TAMRA 500 Size Standard (Applied Biosystems), respectively. The mixture was denatured for 5 min at 948C, cooled on ice and loaded on the ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The data were collected automatically and analyzed using the GeneScan 3.1 and Genotyper analysis software (Applied Biosystems), which automatically determined the actual size of the PCR product and the amount of fluorescent signal. MSI was indicated by the presence of novel peaks in the tumor tissue that were not seen in normal tissue from the same animal or by a difference in microsatellite length in the two samples.
